Abstract: Hydrodynamics of conical fluidized bed differ from that of columnar beds by the fact that a velocity gradient exists along the axial direction of the bed. The gas-liquid-solid fluidized bed has emerged in recent years as one of the most promising devices for three-phase operations. Such a device is of considerable industrial importance as evident from its wide applications in chemical, refining, petrochemical, biochemical processing, pharmaceutical, and food industries. To explore this, experiments have been carried out to find the bed pressure drop, bed fluctuation, and expansion ratios for ternary mixtures of dolomite in a three-phase conical fluidized bed. The effect of superficial liquid and gas velocity, initial static bed height, average particle size, and cone angle on the above-mentioned three responses have been studied. Mathematical models have been developed for the responses using both dimensional and statistical analyses. The calculated values of the responses from the developed models have shown a very good agreement with the experimental ones. 
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Experiments have been carried out to find the bed pressure drop, bed fluctuation, and expansion ratios for ternary mixture of dolomite in a three-phase conical fluidized bed. The effect of superficial liquid and gas velocity, initial static bed height, average particle size, and cone angle on the three responses have been studied. Mathematical models have been developed for the responses using both dimensional and statistical analyses. The calculated values of the responses from the developed models have shown a very good agreement with the experimental ones.
Introduction
With the development of fluidized bed coal combustion and the recent interest in the use of such beds for waste utilization and dry solids separation, potential applications of multi-component fluidized beds are on the rise. It is because of the fact that fluidized particles of uniform size at the beginning, may change due to attrition, coalescence, and chemical reaction, thereby affecting the quality of fluidization by high elutriation loss, de-fluidization, segregation, and inhomogeneous residence time in the bed leading to non-uniform products of wide particle size distribution. Therefore, Sau, Mohanty, and Biswal (2008) stated that proper characterization of bed dynamics for binary and multi-component mixtures in gas-solid systems is an important prerequisite for their effective utilization, where the combination of particle size, density, and shape influences the fluidization behavior. Biswal, Sahu, and Roy (1982) , Biswal, Samal, and Roy (1984) , Roy (1984, 1985) developed theoretical models for minimum fluidization velocity and bed pressure drop for spherical particles for gas-solid systems in conical vessels. Due to angled walls, random and unrestricted particle movement occurs in a tapered surface with reduced back mixing. They, therefore, proposed a modified equation for the calculation of the maximum pressure drop. Later, Peng and Fan(1997) made an in-depth study of hydrodynamic characteristics of solid-liquid fluidization in a tapered bed and derived theoretical models for the prediction of minimum fluidization velocity and maximum pressure drop, based on the dynamic balance of forces exerted on the particle. However, the experiments were carried out for spherical particles only. Jing, Hu, Wang, and Jin (2000) and Shan et al. (2001) proposed models for ΔP mf and U mf for gas-solid conical fluidized beds for spherical coarse and fine particles based on Peng and Fan (1997) models, but neglected pressure drop due to the kinetic change in the bed.
A correlation for fluctuation ratio in conical vessels for regular particles has been developed by Biswal, Samal, et al. (1984) using dimensional analysis approach based on four dimensionless groups neglecting the effect of density of gas and solid particles. They have developed a correlation for the bed fluctuation ratio for irregular particles in conical vessel. Singh, Roy, and Suryanarayana (1991) have developed correlations for bed fluctuation ratio for binary homogeneous and heterogeneous mixtures of spherical and non spherical particles in conical conduits. Singh, Suryanarayana, and Roy (1999) have also developed correlations for bed expansion ratio for cylindrical and non cylindrical beds. Dora, Panda, Mohanty, and Roy (2013) have studied the bed expansion and fluctuation ratios in a gas-solid conical fluidized bed for homogeneous ternary mixture of irregular particles.
Current literature deals with the development of mathematical models for fluctuation and expansion ratios for binary mixtures in a conical bed with different cone angles. Practically no work has been carried out for three-phase fluidization in a conical bed. The objective of the present work is to study the hydrodynamic characteristics of ternary mixture in a three-phase conical fluidized bed with different cone angles viz. 4.61°, 5.13°, 7.47°, and 11.2° (incorporating the similar values of an earlier study (Dora et al., 2013) and to develop mathematical model for the determination of fluctuation and expansion ratios by dimensional analysis as well as statistical analysis.
Materials and methods
The experimental setup consists of a single-stage air compressor of sufficient capacity, an accumulator for storage of air at constant pressure (20 psig), a water tank, and a liquid pump (0.5 HP) as shown in Figure 1 . Two rotameters, one for water (0-10 LPM) and the other for air (0-50 LPM) were used to measure the water and air flow rates, respectively. A 40 mesh screen at the bottom served as the support as well as the distributor. The inside hollow space of the distributor was filled with glass beads of 1.5 cm outer diameter for uniform water and air distribution. The conical conduits with different cone angles are made up of Perspex sheets to allow visual observation. Detailed dimensions for the conical conduits used are given in Table 1 . Two pressure tapings were provided for noting the bed pressure drop. A gate valve of 15 mm inner diameter was provided in the line to control the water flow to the bed. Two sets of manometer with carbon tetrachloride (for low pressure range) and mercury (for high pressure range) as manometric liquids were used to record the bed pressure drop. A high-speed digital camera has been used for verification of the maximum and minimum heights of the bed during fluidization.
Three closely sized samples of dolomite (as presented in Table 2 ) were used for the investigation. For ternary mixtures, fairly good mixing has been achieved by coning and quartering method as done in experimental practice and classification has been avoided since the ratio of the particle sizes of two successive fractions in the mixture was kept below 1.3. The scope of the experiments is presented in Table 2 . A weighed quantity of the mixture was poured into the conical column. Prior to recording any data, the charge was vigorously fluidized with water at a velocity where no entrainment was observed. After a certain time, the water flow was suddenly stopped to obtain a mixed packed bed. The velocity of the water was then increased slowly allowing sufficient time to reach a steady state. Then air was passed through the bed as a dispersed phase. The mass velocity of the air (G f ) was increased slowly allowing sufficient time to reach a steady state. The rotameter and manometer readings were noted for each increment in flow rate from which the values of the In this work, both dimensional analysis and statistical analysis approaches have been used for the prediction of mathematical model for responses like bed pressure drop, fluctuation, and expansion ratios with minimum liquid fluidization mass velocity (G mf ) and bottom diameter (D O ) as independent variables. In dimensional analysis, the following mathematical model has been used for different responses (Dora et al., 2013) .
where a 1 , a 2 , a 3 , and a 4 are exponents and K is the coefficient.
For statistical analysis, central composite design (CCD) has been used to develop correlations with four independent dimensionless variables viz.
and (tan ) for the three dependent variables in dimensionless form such as bed pressure drop
, bed fluctuation ratio (r), and bed expansion ratio (R).
The response has been used to develop an empirical model by statistical analysis that correlates the response of fluidized bed with process variables using a second-degree polynomial equation as given by Equation (2). where Y is the predicted response, b ′ 0 , the constant coefficient, b i , the linear coefficients, b ij , the interaction coefficients, b ii , the quadratic coefficients, and X i , X j are the coded values of process variables. The number of tests required (N) for the CCD includes the standard 2 n factorial with its origin at the center, 2 n points fixed axially at a distance, say α, from the center to generate the quadratic terms, and replicate tests at the center; where n is the number of variables. The axial points are chosen such that they allow rotatability (Box & Hunter, 1957) which ensures that the variance in the model prediction is constant at all points equidistant from the design center. Replicates of the test at the center are very important as they provide an independent estimate of the experimental error. For four variables, the recommended number of tests at the center is six (Box & Hunter, 1961) .
(1) Once the desired range of values of the variables are defined, they are coded to lie at ±1 for the factorial points, 0 for the center points and ±α for the axial points. For statistical analysis, a statistical software package Design-Expert-8, Stat-Ease, Inc., Minneapolis, USA, has been used for regression analysis of the fluidized bed responses.
Results and discussion

Bed pressure drop
Figure 2(a) shows the variation in bed pressure drop with superficial water velocity for initial static bed height of 0.15 m, mixture of 20:50:30 and cone angle of 7.47° for different superficial air velocities. It has been observed that the bed pressure drop decreases with the increase in superficial air velocity. This is due to the fact that increase in air velocity tends to increase the gas hold-up and which in turn decreases the density of the bed material (Dora, Mohanty, & Roy, 2012) . It is clear that with increase in cone angle, pressure drop also increases. This is due to the fact that for a given initial static bed height, with increase in cone angle, the weight of the bed increases, and therefore the pressure drop required to counterbalance the weight of the bed also increases. 
Bed fluctuation ratio
The 
Bed expansion ratio
The variation in bed expansion ratio (R) with superficial water velocity for the column with cone angle of 7.47° and initial static bed height of 0.15 m with a mixture of 20:50:30 for different values air velocities is shown in Figure 4 (a). It is clear from that with the increase in air velocity the bed expansion ratio increases. Figure 4(b) shows the variation in bed expansion ratio with respect to superficial water velocity for different mixtures at constant air velocity of 0.21 m/s, initial static bed height of 0.15 m, and cone angle of 7.47°. It is clear from Figure 4 (b) that with an increase in particle size (i.e. decrease in percentage of fines in the mixture), the expansion ratio decreases because of reduction in the amount of fine particles in the mixture, which are generally lifted to a relatively greater height. The reason is same as that has been explained in Section 3.2 above for the reduction in the bed fluctuation ratio in these two cases.
Development of correlations for pressure drop, fluctuation, and expansion ratio by dimensional analysis
The dimensional analysis for the prediction of bed pressure drop, fluctuation, and expansion ratios for a conical fluidized bed have been found to depend upon four dimensionless groups. The values of the dimensionless groups along with their corresponding responses are presented in Table 3 . The number of runs as shown in Table 3 is 20. The individual exponents are obtained by plotting a power trend for each response with respect to that of each independent variable keeping the others constant at their respective "zero" levels. After obtaining the exponents, the coefficient is obtained as suggested by Davis (1978) . The developed correlations for the three responses are as follows:
The term ∆P mf used in the Equations (4 and 8) is calculated from Equation (7) which is correlated using author's data. 
ΔP f ΔP mf = 6 × 10
Development of regression model equations using response surface methodology based central composite design
On the basis of experimental data the models have been developed by employing response surface methodology (RSM)-based central composite design (CCD). Analysis of variance (ANOVA) has been used to estimate the statistical parameter. Table 4 represents the complete experimental range and level of variables where Table 5 shows design of experiment together with the experimental result for the three responses. The final empirical models in terms of coded factor (excluding the Table 5 and is most likely due to four different variables selected in wide ranges with a limited number of experiments, as well as the nonlinear influence of the investigated parameters on process response.
Conclusion
In this study, the hydrodynamic behavior of three-phase fluidized bed for homogenous ternary mixtures in conical conduits has been carried out. In three-phase fluidization, the hydrodynamic variables studied are bed pressure drop, bed fluctuation, and bed expansion ratios. As pressure drop in a fluidization system is an important parameter for the design and fabrication of the fluidized bed reactor, its value should be as low as possible from economic point of view. In this study by the use of a secondary fluidizing medium (air) beyond minimum fluidization the bed pressure drop can be significantly reduced. Simultaneously, the study of both dimensional analysis and RSM-based CCD and quadratic programming are used to model the influence of four process parameters on the three responses. Mathematical correlations are derived for the three responses using sets of experimental data and ANOVA. Predicted values obtained using the model equations have been found to be in very good agreement with the experimental values. Hence, the developed correlations can be used for the design of three-phase conical fluidized bed systems with homogeneous ternary mixtures of irregular particles of bed materials within the ranges of the operating parameters investigated. 
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